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ABSTRACT 

The  neuronal  capillary  relationships  within  the  adult  human  cerebral 
cortex  were  investigated  by  several  different  methods.  Suitable  human  brains 
were  obtained  from  autopsies  as  soon  after  death  as  possible.  The  brains  were 
fixed  by  a  pulsating  perfusion  fixation  technique.  Blocks  from  different  areas 
of  the  calcarine  cortex  were  removed  and  stained  by  a  modified  Golgi  silver 
impregnation  technique,  which  under  appropriate  conditions  simultaneously 
stained  capillaries  or  neurons  and  capillaries.  Frozen  sections  100  microns 
thick  were  cut  serially  from  the  stained  blocks  and  mounted  for  microscopic 
study.  Selected  sections  were  counterstained  with  alcoholic  thionine.  Unstained 
frozen  sections  two  microns  thick  were  cut  for  phase  contrast  microscopy. 

Silver  stained  capillaries  were  measured  in  the  middle  layers  of  the 
calcarine  cortex,  the  average  length  was  1,100  millimeters  per  cubic  millimeter. 
From  similar  areas,  cell  counts  were  done  in  thionine  counterstained  sections, 
these  counts  averaged  60,500  neurons  per  cubic  millimeter.  Neurons  were 
oriented  in  a  pericapillary  distribution  with  65  percent  of  the  nerve  cells  very 
closely  related  to  or  contacting  capillaries.  Many  examples  of  neuronal 
capillary  contact  could  be  found  in  either  the  silver  stained  sections  or  by  phase 
contrast  microscopy. 

Surgical  biopsies  were  taken  from  frontal,  temporal,  and  parietal  cortices. 
These  biopsies  were  prepared  for  both  light  and  electron  microscopy.  Within  the 
resolution  of  the  light  microscope,  many  examples  of  apparent  neuronal  capillary 
contact  were  found.  The  contacts  were  measured  in  serial  sections  and  they  varied 
from  five  to  ninety  square  microns  of  capillary  surface  area.  With  electron 
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microscopy,  the  perivascular  neuroglial  sheath  was  easily  observed.  However, 
deficiencies  were  found  in  the  sheath  .  In  areas  where  the  neuroglial  sheath  was 
incomplete,  neurons  or  neuronal  processes  were  in  contact  with  the  capillary 
basement  membranes. 

It  is  postulated  that  human  cortical  neurons  are  oriented  in  a  perivascular 
distribution  and  it  would  be  possible  for  every  neuron  to  contact  a  capillary.  If 
every  neuron  contacted  a  capillary,  less  than  3  percent  of  the  total  capillary 
surface  area  would  be  covered  by  neurons. 
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I.  INTRODUCTION 

The  brain  more  than  any  other  tissue  in  the  body  is  critically  dependent 
on  its  blood  supply.  Nerve  cells  may  suffer  irreversible  damage  if  the  blood  flow 
to  them  is  insufficient  or  deprived  for  very  short  periods  of  time.  Such  acute 
dependency  on  blood  supply  makes  the  microanatomical  relationships  between 
neurons  and  blood  vessels  of  particular  interest. 

Many  investigators  have  independently  described  cytoarchitectonic 
(Bailey  and  Bonin  1951)  or  angioarchitectural  patterns  (Craigie  1945).  There  are 
very  few  studies  reported  in  the  literature  which  relate  neurons  to  capillaries 
except  to  show  that  cytoarchitectural  patterns  are  modeled  in  relation  to  the 
angioarchitecture .  Perhaps  the  main  problem  has  been  a  lack  of  staining  methods 
which  simultaneously  demonstrate  neurons  and  capillaries. 

The  present  dissertation  deals  with  general  and  specific  relationships 
between  neurons  and  capillaries  in  the  human  cerebral  cortex.  Areas  examined, 
methods  used  and  results  from  methods  depended  on  the  availability  of  suitable 
human  brains.  Brains  were  obtained  from  autopsies  and  these  were  used  for  gross 
or  microscopic  studies. 

The  striate  cortex  of  post  mortem  brains  was  chosen  for  examination 
because  of  the  constant  position,  shape  and  size  of  the  calcarine  area.  It  is 
relatively  thin,  very  vascular  and  blood  vessels  to  the  visual  area  are  direct,  not 
tortuous.  In  addition,  surgical  biopsies  from  humans  were  obtained  for  ultra- 
structural  studies.  These  biopsies  provided  an  opportunity  to  examine  with  the 
electron  microscope,  details  of  neuronal  capillary  relationships  in  fresh  tissues 
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II.  HISTORICAL  BACKGROUND 

Observations  on  the  blood  vessels  of  the  brain  date  back  to  the  early 
history  of  anatomy.  Galen  (Singer  and  Underwood  1962)  for  whom  the  vein  of 
Galen  is  named,  dissected  and  investigated  the  brain.  Thomas  Willis,  in  1664 
wrote  "Cerebre  Anatome"  which  included  a  description  of  the  circle  of  Willis 
(Klosovskii  1963).  In  the  nineteenth  century  several  monographs  were  published 
describing  the  cerebral  circulation  but  these  dealt  mainly  with  the  gross  arterial 
and  venous  systems.  The  main  body  of  information  on  the  cerebral  microcircul¬ 
ation  began  with,  and  followed,  the  monumental  works  of  Ramon  y  Cajal  . 

There  are  two  types  of  cerebral  capillary  patterns  found  in  mammals 
(Scharrer  1944,  Craigie  1945).  The  endarterial  loop  type  in  marsupials  (Wislocki 
and  Campbell  1937,  Craigie  1938,  Scharrer  1939)  and  the  network  type  in 
placental  animals  (Scharrer  1944,  Craigie  1945).  Scharrer  (1944)  claims  that  in 
man  and  other  placental  animals,  "true"  anatomical  endarteries  do  not  exist  since 
all  the  blood  vessels  contribute  to  the  cortical  capillary  network.  However,  these 
vessels  act  as  functional  endarteries.  The  capillary  patterns  have  been  studied  and 
measured  in  the  rat  (Craigie  1920,  1921,  1945),  in  the  domestic  cat  (Talbott  Wolff 
and  Cobb  1929,  Dunning  and  Wolff  1937,  Campbell  1938  and  Hough  and  Wolff  1939), 
and  in  the  rhesus  monkey  (Finley  1939,  1940,  Scharrer  1940).  There  are  no  quant¬ 
itative  studies  reported  on  human  cerebral  capillaries,  only  qualitative  studies 
such  as  those  by  Pfeifer  or  Lindgren  (cited  by  Scharrer  1944  and  Craigie  1945). 

The  observations  reported  on  human  capillary  beds  correspond  very  closely  to  patterns 
seen  in  experimental  placental  animals. 
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Measurements  of  relative  vascularity  showed  that  the  gray  matter  was 
two  to  ten  times  more  vascular  than  the  white  matter  (Craigie  1921).  The  cortex 
of  the  cerebrum  is  one  of  the  most  highly  vascularized  areas  of  gray  matter. 

Within  the  cerebral  cortex,  the  capillary  bed  could  be  subdivided  by  densities 
into  laminae  (Craigie  1921,  Hough  and  Wolff  1937,  Campbell  1938)  corresponding 
to  the  six  cellular  layers  of  Bailey  and  Bonin  (1951).  The  laminae  with  the 
greatest  vascularity  corresponded  to  the  layers  with  the  largest  cell  population. 

When  relative  vascularity  in  various  areas  of  gray  matter  are  considered, 
some  areas  with  fewer  neurons  are  more  vascular  than  other  regions  with  a  larger 
cell  population.  The  variation  in  vascularity  was  attributed  to  an  increased 
total  neuronal  surface  area  that  would  be  found  within  the  additional  neuropile 
of  the  less  cellular  areas  (Dunning  and  Wolff  1937).  However,  where  the  neuro¬ 
pile  was  constant,  such  as  the  compact  and  reticular  portions  of  the  substantia 
nigra,  the  more  cellular  area  had  a  greater  capillary  density  which  indicated 
there  was  a  basic  relationship  between  cellularity  and  vascularity  (Hough  and 
Wolff  1939). 

The  parallel  relationship  between  cellularity  and  vascularity  does  not 
necessarily  reflect  the  qualitative  arrangement  of  neurons  to  blood  vessels. 

Scharrer  (1944)  points  out  that  it  would  not  be  enough  to  determine  the  capillary 
length  per  cubic  unit  of  tissue  in  order  to  evaluate  the  vascularity  of  a  region  . 

The  special  relations  between  blood  vessels  and  neurons  have  to  be  considered. 

A  perivascular  distribution  of  neurons  in  the  optic  cortex  of  the  squid  was  demon¬ 
strated  by  Cajal  (cited  by  Scharrer  1944).  No  authors  have  specifically  commented 
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on  a  perivascular  arrangement  of  neurons  in  the  mammalian  cerebral  cortex  except 
Scharrer  (1944);  he  noted  a  multilayered  perivascular  grouping  of  neurons  within 
the  granular  layer  of  the  opossum  cerebellar  cortex. 

There  are  several  recent  publications  from  the  U.S.S.R.  which  are 
pertinent  to  this  topic.  Baloshova  (1956)  using  Golgi  and  injection  techniques, 
described  63  percent  of  the  neurons  contacting  capillaries  in  the  trigeminal  motor 
nucleus  and  33  percent  contacting  capillaries  in  the  sensory  portions  of  the  tri¬ 
geminal  nuclei  in  cats  and  dogs.  Klosovskii  (1963)  described  the  large  pyramidal 
neurons  as  having  both  arterial  and  venous  contacts  with  the  capillary  bed.  He 
claims  to  have  observed  this  arrangement  in  cats,  dogs  and  humans.  A  similar 
finding  was  described  in  the  kangaroo  by  Belov  (cited  by  Balashova  1956).  There 
are  no  other  publications  confirming  these  observations  except  the  report  of  a 
human  Betz  cell  perforated  by  a  capillary  (Scharrer  1944).  Other  examples  of 
intraneuronal  capillaries  were  found  in  the  facial  nucleus  of  the  rabbit  (Cammermeyer 
1963)  and  within  the  visual  cortex  of  the  rat  (Schultz  1967).  Only  the  observations 
of  Cammermeyer  (1963)  and  Schultz  (1967a)  are  substantiated  with  serial  sections. 

Finley  (1939)  examined  the  supraoptic  and  paraventricular  nuclei  in 
monkeys,  he  noted  that  all  the  neurons  in  these  areas  had  contact  with  one  or 
more  capillaries.  The  extramedullary  nerve  cells  of  the  swell-fish  (spheroides) 
are  surrounded  and  embed  portions  of  their  capillary  baskets,  a  similar  capillary 
basket  arrangement  has  been  observed  in  the  hypothalamus  of  lower  vertebrates 
(Scharrer  and  Scharrer  1940,  Scharrer  1944).  Scharrer  1940  suggests  that  large 
nerve  cells  and  other  neurons  with  capillary  contact  have  a  particularly  high 
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metabolic  requirement  or  are  associated  with  chemoreception  or  neurosecretion. 

Electron  microscopy  has  led  to  a  more  detailed  knowledge  of  central 
nervous  system  morphology.  Most  of  the  publications  have  dealt  with  the  ultra¬ 
structure  of  individual  components  within  the  central  nervous  system  (Gray  1964). 
Capillaries  in  general  have  been  quite  extensively  investigated  by  Bennett  et  al 
(1959) ,  Palade  (1961),  and  others.  A  classification  of  capillaries  based  on 
electron  microscopic  morphology  was  suggested  by  Bennett  et  al  (1959).  These 
investigators  classify  cerebral  capillaries  separately  from  capillaries  found  in 
other  organs  because  there  is  a  complete  continuous  basement  membrane,  no 
endothelial  cell  fenestrations  or  pores,  and  a  complete  pericapillary  cellular 
investment  interposed  between  the  parenchymal  cells  and  capillary.  The  peri¬ 
capillary  investment  is  considered  to  be  unique  to  the  capillaries  of  the  central 
nervous  system  and  retina  (Enyerman  1966).  Despite  their  classification,  Bennett 
et  al  (1959)  mention  that  the  completness  of  the  neuroglial  investment  around 
capillaries  in  the  central  nervous  system  is  doubted  because  several  investigators 
described  discontinuities  in  the  sheath  (Luse  1956,  Maynard  et  al  1957). 

Maynard,  Schultz  and  Pease  (1957)  found  the  pericapillary  sheath  to  be 
only  85  percent  complete  in  the  cerebral  cortex  of  rats.  However,  Schultz  (1967b) 
now  considers  this  figure  an  overestimate.  These  authors  do  not  describe  what 
fills  the  15  percent  gap  of  the  sheath  except  to  mention  that  nerve  cells  were 
occasionally  seen  contacting  capillaries.  Donahue  and  Pappas  (1961)  also  noted 
some  neurons  applied  to  the  capillary  basement  membrane  in  the  cerebral  cortex  of 
mice,  a  similar  observation  was  made  by  Luse  (1956).  Ultrastructural  features  of 
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human  cortical  neuronal  capillary  relationships  have  been  observed  only  incidentally 
to  pathological  investigations  (Terry  and  Weiss  1963). 

Improper  fixation  has  been  cited  to  be  the  cause  of  discontinuities  in  the 
neuroglial  sheath  (Bennett  et  al  1959)  but  fixation  techniques  of  investigators  who 
found  a  complete  sheath  (Demsey  and  Wislocki  1954  and  De  Robertis  and  Gerschenfeld 
1961)  are  the  same  or  very  similar  to  investigators  who  found  the  sheath  incomplete 
(Luse  1956,  Maynard  et  al  1957,  and  Donahue  and  Pappas  1961).  All  of  these 
investigators  used  Palade's  technique  (1952)  or  very  similar  methods. 

The  inconsistent  observations  on  the  completness  of  the  neuroglial  sheath 
creates  a  significant  problem  because  the  relationship  of  structure  to  function  is 
very  important  to  this  situation.  Despite  the  amount  of  recent  work  directed  towards 
this  problem  in  lower  vertebrates,  no  specific  investigation  has  reported  on  the  gross 
or  fine  structural  relationships  of  nerve  cells  to  blood  vessels  in  the  human  cerebral 
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III.  MATERIALS  AND  METHODS 

Areas  from  a  total  of  20  adult  human  brains  were  examined  for  this 
investigation.  Sixteen  selected  post  mortem  brains  were  obtained  as  soon  after 
death  as  possible  from  autopsies  performed  in  the  Pathology  Department  of  the 
University  of  Alberta  Hospital  .  The  average  time  from  death  to  fixation  was 
16  hours.  Twelve  of  these  brains  were  examined  microscopically  and  the  arterial 
vasculature  was  injected  in  four  brains.  In  addition  four  biopsy  specimens  were 
obtained  during  brain  surgery  from  the  operating  theatres  of  the  University  of 
Alberta  and  Royal  Alexandra  Hospitals. 

The  biopsies  were  taken  from  normal  appearing  sites  as  far  removed  as 
possible  from  the  diseased  areas.  The  distance  from  the  diseased  area  varied 
in  each  case  and  in  no  instance  was  there  gross  or  microscopic  evidence  of  direct 
pathological  involvement  in  the  biopsies.  Each  patient  had  intracranial  lesions 
that  required  neurosurgical  treatment.  All  the  patients  were  under  general 
anesthesia  for  surgery  and  all  but  one  were  conscious  immediately  prior  to  the 
operation.  Two  patients  had  received  cortisone  but  otherwise  none  of  them 
received  medications  that  were  known  to  affect  morphology  in  the  central  nervous 
system.  Biopsies  were  taken  from  the  anterior  frontal,  posterior  frontal,  middle 
parietal  and  middle  temporal  lobes.  No  biopsies  were  obtained  from  the  occipital 
cortex  because  of  the  rarity  of  neurosurgical  conditions  involving  this  region. 
Details  of  the  patients  and  brains  are  listed  in  table  one . 

(a)  Post  Mortem  Brains 

Post  mortem  brains  were  fixed  by  the  pulsating  perfusion  technique  of 
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Haushalter  and  Bertram  (1955).  This  technique  involved  cannulating  the  four 
major  arteries  to  the  brain  and  with  pressures  and  rates  simulating  human  heart 
rates  and  blood  pressures,  the  brains  were  perfused  with  isotonic  saline  until 
the  perfusate  was  clear.  Then  500  to  600  milliliters  of  10  percent  neutral 
formalin  was  perfused  through  each  brain.  The  brains  were  stored  in  a  10 
percent  neutral  formalin  solution  until  needed. 

Cortical  blocks  about  three  centimeters  square  were  removed  from 
areas  of  the  visual  cortex  in  the  well-fixed  brains.  These  blocks  were  stained 
by  the  modified  Golgi  silver  impregnation  technique  as  described  by  Bertram 
and  Ihrig  (1957,  1959).  This  method  consisted  of  immersing  the  tissue  for  24 
hours  at  room  temperature  in  a  60  percent  aqueous  solution  of  zinc  chromate^  ad¬ 
justed  to  pH  3.1  by  the  addition  of  concentrated  formic  acid.  After  24  hours  the 
tissue  was  blotted  dry  to  remove  excess  fluid  and  then  suspended  in  a  0.75  percent 
aqueous  solution  of  silver  nitrate^.  This  preparation  was  kept  in  the  dark  at  room 
temperature  for  48  hours.  The  silver  impregnated  blocks  were  then  removed  for 
sectioning.  Frozen  sections  100  microns  thick  were  cut  on  a  Reichert  Wien  sliding 
microtome.  Each  section  was  individually  dehydrated  5  minutes  in  80  percent  and 
absolute  alcohol.  The  sections  were  cleared  in  xylol  and  serially  mounted  in 
Permount^  for  microscopic  examination.  Sections  from  two  brains  were  counterstained 
with  5  percent  alcoholic  thionine  after  the  method  described  by  Anderson  (1954). 

1  Zinc  chromate,  British  Drug  Houses  Ltd.,  B.D.H.  Laboratory  Chemicals  Group, 
Pool,  England.  Lot  695480. 

2  Silver  nitrate,  Engelhard  Industries  of  Canada  Ltd.  Lot  2435. 

3  Permount,  Fisher  Scientific  Co.  Ltd.,  Canada.  No.  50-P-15.  Lot  760239. 
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Capillary  distances  were  measured  in  Golgi  stained  and  Golgi-thionine 
counterstained  sections.  Neuronal  cell  counts  were  done  on  the  thionine  counter- 
stained  sections.  Only  capillaries  eight  microns  in  diameter  or  less  were  measured. 
Vertical  vessel  lengths  were  measured  by  depth  of  field  focusing  through  the  section 
with  the  fine  focus  adjustment  on  the  microscope  which  was  calibrated  by  focusing 
through  a  marked  coverslip  of  known  depth.  Horizontal  measurements  and  cell 
counts  were  made  with  a  square-ruled  disc  eyepiece  micrometer. 

Blocks  of  unstained  cortex  were  cut  2  microns  thick  on  an  Ames  Lab-Tek 
Microtome  Cryostat.  These  sections  were  mounted  in  Permount  for  phase  contrast 
microscopy . 

(b)  Vascular  Injections 

Several  methods  of  intra-arterial  injections  were  attempted  in  two  fresh 
and  two  formalin  fixed  brains.  The  substances  tried  were,  mercuric  sulphide, 

Sudan  black,  thionine  and  india  ink  in  both  aqueous  and  gelatin  suspensions.  In 
the  fresh  brains,  the  vasculature  was  washed  clean  by  perfusion  with  isotonic 
saline  and  sodium  al  kalarylsulphonate .  The  internal  carotid  and  vertebral  arteries 
were  injected  with  an  epoxy  resin,  Batson's  Compound^,  following  the  methods  of 
Zimmer  et  al  (1966).  The  epoxy  resin  was  allowed  to  harden  and  then  the  brain 
tissue  was  digested  away  with  a  30  percent  solution  of  potassium  hydroxide. 

(c)  Biopsy  Specimens 

Surgical  biopsies  were  obtained  directly  from  the  surgeon  in  the  operating 

room  at  the  time  of  surgery.  Biopsies  were  performed  with  a  scalpel  or  punch  biopsy 

1  Batson's  No.  17  Anatomical  Corrosion  Compound  product  of  Polysciences  Inc., 
Rydal,  Pennsylvania,  Data  Sheet  105. 
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forceps.  Specimens  were  immediately  cut  into  blocks  less  than  one  millimeter 
square  and  within  60  seconds  placed  in  cold,  4  percent,  glutaraldehyde  buffered 
to  pH  7.0  with  monopotassium  phosphate  and  sodium  hydroxide.  The  osmolality 
of  the  fixative  was  647  milliosmoles  per  kilogram. 

After  three  hours  in  the  glutaraldehyde  solution  at  4  degrees  centigrade, 
the  tissue  was  cut  into  blocks  less  than  0.5  millimeters  square  and  post  fixed  in  a 
2  percent  solution  of  buffered  osmium  tetroxide  for  30  minutes.  The  buffer 
solution  was  the  same  as  that  used  in  the  glutaraldehyde  solution.  The  specimens 
were  then  dehydrated  for  5  minutes  each  in  70,  80,  85,  90,  95,  and  99  percent 
alcohol  .  The  tissue  was  further  dehydrated  in  propylene  oxide  for  30  minutes, 
then  embedded  according  to  the  following  scheme: 

1  .  3  hours  in  1  part  propylene  oxide  and  1  part  Araldite  solution. 

The  Araldite  solution  was  prepared  from: 

10  ml  .  Araldite^  CY2I2  batch  41/4523 
10  ml  .  Araldite  Hardener^  HY964  batch  10/3053 
1  ml  .  Di  butyl  phthalate^ 

0.4  ml.  Accelerator^  D4064  batch  11/1796 

2.  12  hours  in  Araldite  solution. 

3.  72  hours  in  Araldite  solution  blocked  in  gelatin  capsules  at  50 
degrees  centigrade. 

After  the  tissue  was  embedded,  the  blocks  were  trimmed  and  sectioned 
with  glass  knives  on  a  Porter  Blum  MT2  ultramicrotome.  Serial  sections  0.5  microns 
thick  were  cut  from  blocks  of  tissue  from  each  biopsy,  mounted  on  glass  slides  and 


1-4  Obtained  from  Ciba  Co.  Ltd.,  England 
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stained  with  1  percent  solution  of  Azur-ll-blue,  thionine,  and  borax  respectively 
at  pH  11  after  the  method  of  Richardson  (1960). 

Thick  sections  one  micron  thick  were  cut  to  locate  appropriate  areas. 

Then  thin  sections,  silver  or  gray,  were  cut  for  electron  microscopy  and  supported 
on  either  carbon-Formvar  coated  150  mesh  copper  grids  or  300  mesh  uncoated 
copper  grids  2.5  millimeters  in  diameter.  Thin  sections  were  stained  in  alcoholic 
uranyl  acetate  after  the  method  of  Stempak  and  Ward  (1964)  and  counterstained 
in  lead  citrate  (Venable  and  Coggeshall  1965).  The  sections  were  reviewed  in  a 
Philips  EM  100B  electron  microscope  with  an  accelerating  voltage  of  60  kilovolts. 
Magnifications  were  determined  from  the  magnification  meter  on  the  microscope 
and  this  meter  was  previously  calibrated  with  carbon  shadowed  diffraction  gratings. 

Kodak  35  millimeter  P  4  26  fine  grain  positive  film  was  used  for  the 
electron  microscopic  photographic  negatives.  The  film  was  developed  in  Kodak 
D  19  developer  and  fixed  in  Kodak  Rapid  Fix.  Positive  prints  were  prepared  on 
Agfa  grades  3  to  5  Brovira  paper  and  developed  in  Agfa  Neutol  developer.  Light 
photomicrographs  were  taken  on  a  Zeiss  photomicroscope  with  EX  135,  30  Kodak 
Panatomic  X  black  and  white  films  and  developed  in  Kodak  D  1  1  developer. 
Positive  prints  were  on  Kodak  Kodabromide  F2,  3,  4  and  5  paper. 
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IV.  OBSERVATIONS 

Rather  than  a  detailed  description  of  each  brain  examined,  observations 
are  presented  as  topics  related  to  the  procedures  that  were  employed  in  this 
investigation.  It  is  hoped  that  such  an  approach  would  provide  a  more  integrated 
presentation  of  the  individual  observations. 

(a)  Blood  Vessels 

All  of  the  intra-arterial  injection  techniques  demonstrated  the  superficial 
and  penetrating  vascular  systems  of  the  cerebral  cortex.  Fine  capillary  filling 
was  irregular,  incomplete  and  unsuitable  for  microscopic  studies.  The  blood 
supply  to  the  occipital  cortex  in  the  striate  and  parastriate  areas  came  entirely 
from  the  terminal  branches  of  the  posterior  cerebral  artery,  via  the  calcarine 
branch.  The  posterior  cerebral  artery  was  seen  to  branch  into  large  conducting 
arteries  that  subdivided  into  smaller  arteries  (figure  1).  The  conducting  arteries 
terminated  in  a  fine  arteriolar  network  which  anastomosed  with  arteriolar  branches 
of  adjacent  arteries  or  the  peripheral  branches  of  the  middle  and  anterior  cerebral 
arteries.  The  anastomosis  with  either  middle  or  anterior  cerebral  arteries  were 
easily  demonstrated  by  separately  injecting  either  artery  and  observing  the 
filling  of  the  anastomotic  branches  of  the  posterior  cerebral  artery. 

From  both  the  conducting  arteries  and  connecting  arterioles,  fine  nutrient 
arterioles  penetrated  to  varying  depths  in  the  underlying  brain  (figures  2  and  3). 
The  larger  and  longer  arterioles  penetrated  into  the  white  matter  while  the  smaller 
and  shorter  arterioles  terminated  at  various  depths  to  form  the  cortical  capillary 


network . 
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(b)  Capillaries 

The  cortical  capillary  network  formed  a  dense  three  dimensional  lace¬ 
like  interlocking  pattern  which  was  continuous  with  the  network  in  adjacent 
cortical  areas.  The  continuous  capillary  network  formed  an  anastomosis  which 
interconnected  penetrating  arterioles. 

Within  the  calcarine  gray  matter,  the  cortex  could  be  divided  into 
three  layers  as  judged  by  the  capillary  densities:  a  sparse  superficial  layer,  a 
dense  middle  layer  and  a  less  dense  deep  layer  that  terminated  abruptly  at  the 
junction  with  the  white  matter  (figure  4).  The  average  depth  of  each  layer 
was;  superficial  0.5  millimeters,  middle  1  .0  millimeters  and  deep  0.4  millimeters 
(figure  5).  The  capillary  densities  correlated  to  the  neuronal  packing  densities 
which  will  be  described  later. 

The  average  capillary  length  in  the  dense  middle  zone  was  1 , 100  milli¬ 
meters  per  cubic  millimeter  with  a  mean  variation  of  140  millimeters.  In  the 
middle  zone,  the  capillary  network  formed  a  series  of  turns,  loops,  rings  or 
circuits  created  by  four  to  ten  interconnecting  capillaries  that  joined  with  the 
adjacent  network.  Distances  between  limbs  of  the  capillary  loops  or  lengths  of 
the  circuits  were  never  more  than  0.15  millimeters  and  in  many  instances  the 
area  between  capillaries  was  almost  the  size  of  a  single  neuron.  In  the  sub 
cortical  white  matter,  the  capillary  density  was  very  sparse  as  illustrated  in 
figure  4 . 

With  the  electron  microscope,  capillaries  were  readily  identified  by 
their  basement  membrane,  endothelial  lining  and  frequently  contained  red  blood 
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cells.  The  endothelial  cells  formed  a  continuous  layer  that  lined  the  capillary 
lumen  and  varied  in  thickness  from  0.01  to  1  micron  (figures  24  and  25).  There 
were  no  gaps  or  fenestrations  in  the  endothelial  cells  but  numerous  vesicles  were 
found  within  their  cytoplasm.  The  vesicles  varied  from  300  to  2,000  angstroms 
in  diameter  (figure  26)  and  were  enclosed  by  a  membrane.  Endothelial  cell 
junctions  were  irregular  in  shape  and  there  was  a  very  close  relationship  between 
adjoining  cell  membranes,  100  to  200  angstroms.  The  basement  membrane  appeared 
as  a  continuous  amorphous  layer  2,000  to  3,000  angstroms  thick  (figures  24  to  26). 
Pericytes  and  their  processes  were  observed  on  the  parenchymal  surface  of  the 
basement  membrane  or  encased  in  it  (figure  24).  The  pericyte  processes  formed 
a  thin  incomplete  cellular  layer  with  numerous  fenestrations  and  large  gaps. 

The  processes  were  approximately  300  angstroms  thick  (figure  26). 

(c)  Neuronal  Capillary  Relationships . 

In  all  of  the  12  post  mortem  brains  stained  by  the  modified  Golgi  method, 
areas  of  complete  vascular  staining  or  neuronal  capillary  staining  were  observed 
and  these  areas  were  examined  in  greater  detail .  The  isolated  selectivity  of 
neuronal  staining  precluded  a  statistical  evaluation  of  the  numbers  of  neurons 
adjacent  to  capillaries  but  many  examples  of  apparent  neuronal  capillary  contact 
could  be  seen.  Figure  6  illustrates  an  area  where  several  neurons  contact  different 
capillaries.  The  neuronal  perikaryon  may  contact  the  capillary  as  illustrated  in 
figures  7,  8,  9,  10  and  12  or  neuronal  processes  extended  to  contact  the  adjacent 
capillary  as  illustrated  in  figures  7,  11  and  13. 

The  cytoarchitectonic  structure  of  the  visual  cortex  could  be  divided 
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into  the  six  laminae  described  by  Baily  and  Bonin  (1951).  These  laminae  could 
also  be  divided  by  cell  populations  into  three  major  layers;  a  superficial  layer 
containing  laminae  I  and  II,  a  middle  layer  containing  laminae  III,  IV  and  V, 
and  a  deep  layer  containing  lamina  VI.  The  three  cell  layers  corresponded  to 
the  three  capillary  layers;  a  superficial,  a  middle  and  a  deep  layer. 

In  the  middle  layer,  lengths  of  Golgi  stained  capillaries  were  measured 
and  thionine  counterstained  neurons  in  the  same  sections  were  counted.  The 
average  capillary  distances  were  the  same  as  previously  measured,  1,100  milli¬ 
meters  per  cubic  millimeter.  Nerve  cell  counts  from  the  same  areas  averaged 
60,500  neurons  per  cubic  millimeter  with  a  mean  variation  of  5,200.  Examples 
of  areas  measured  are  illustrated  in  figures  14  and  15.  Sixty-five  percent  of  the 
neurons  were  closely  related  to  capillaries.  The  neurons  had  a  pericapillary 
orientation  with  the  cell  bodies  related  to  the  capillaries  at  the  periphery  of  the 
loops  or  circuits  (figures  16  and  17).  This  orientation  left  a  central  area  in  the 
circuits  free  of  neuronal  perikaryon  as  illustrated  in  figures  16  and  17.  It  was 
impossible  to  observe  neuronal  processes  contacting  capillaries  because  processes 
were  not  visualized  with  the  thionine  stain. 

Further  examples  of  neurons  contacting  capillaries  were  observed  in 
unstained  sections  examined  with  a  phase  contrast  microscope,  figures  18  and  19 
illustrate  two  samples.  Better  cytological  details  could  be  resolved  in  the  0.5 
micron  thick  Araldite  sections  that  were  stained  for  light  microscopy.  With  the 
better  resolution,  no  definite  structures  were  seen  interposed  between  the  areas 
of  neuronal  capillary  contact.  Many  examples  of  capillary  contact  were  found 
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in  each  biopsy  specimen.  Nerve  cell  bodies  as  illustrated  in  figures  20,  21  and 
23  or  neuronal  processes  as  illustrated  in  figure  22  depict  the  variation  in  the 
morphology  of  neuronal  capillary  contacts.  Serial  sections  were  cut  through 
four  different  nerve  cells  that  contacted  capillaries  and  the  areas  of  contact 
were  measured.  The  surface  area  of  capillary  contact  was  6,  8,  25  and  90 
square  microns  respectively  for  each  cell  . 

Even  though  neurons  appeared  to  contact  capillaries,  observations  with 
the  light  microscope  are  limited  in  the  resolution  of  fine  structural  details. 

The  electron  microscope  provided  a  method  to  observe  these  contacts  at  a  much 
higher  magnification  and  resolution.  With  the  electron  microscope,  neurons 
were  identified  by  their  cellular  size,  shape,  dense  ribsomal  content,  somal 
synapses,  nuclear  size  and  nucleolus.  In  each  of  the  biopsies,  examples  of 
neuronal  capillary  contact  were  observed  in  the  electron  microscope  and  were 
correlated  with  adjacent  0.5  micron  thick  sections  that  were  obtained  for  light 
microscopy.  Figures  21  and  24  are  light  and  electron  photomicrographs  illus¬ 
trating  the  same  neuron  and  capillary. 

Neuroglial  processes  were  observed  encasing  capillaries  to  form  a  sheath, 
this  sheath  was  conspicuous  and  easily  observed.  Figure  30  illustrates  an  example 
of  a  capillary  and  the  neuroglial  sheath  .  However,  the  perivascular  neuroglial 
sheath  was  not  as  complete  or  continuous  a  structure  as  other  investigators 
(Maynard  et  al  1957,  De  Robertis  1961,  1965  and  Gray  1964)  suggest  in  their 
publications.  It  was  impossible  to  estimate  the  completness  of  the  sheath. 
Numerous  discontinuities  were  found  in  the  sheath  which  was  occupied  by  portions 
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of  neurons  contacting  capillaries.  Figure  24  illustrates  a  neuron  with  capillary 
contact.  Higher  magnifications  in  figures  25  and  26  demonstrate  that  the 
neuronal  cell  wall  is  directly  opposed  to  the  capillary  basement  membrane 
except  in  places  thin  cellular  processes  were  partially  interposed  between  the 
basement  membrane  and  neuron.  These  cellular  processes  corresponded  to 
portions  of  pericytes  or  pericapil lary  cells  and  did  not  resemble  neuroglial 
processes  (figures  25  and  26). 

Processes  of  neurons  contacting  capillaries  were  also  observed. 

Figure  27  illustrates  a  neuronal  process  extending  3.5  microns  to  contact  the 
adjacent  capillary.  At  a  higher  magnification,  figure  28  demonstrates  that  the 
neuron  contacts  the  capillary  over  a  very  small  area  with  neuroglial  processes 
partially  interposed  between  the  process  and  basement  membrane.  Small  neuronal 
processes  unrelated  to  their  cell  bodies  were  observed  adjacent  to  the  capillary 
basement  membrane.  The  processes  in  figure  29  are  identified  as  portions  of 
neurons  by  the  presence  of  mitochondria  and  synaptic  vesicles. 

The  only  discernible  specialization  of  intraneuronal  ultrastructure  in  the 
areas  of  capillary  contact  were:  the  large  numbers  of  mitochondria  near  the  area 
of  capillary  contact  (figure  24);  the  presence  of  numerous  ribosomes  in  the  large 
neuronal  processes  contacting  capillaries  (figures  27  and  28),  and  aggregation 
with  displacement  of  lipofuscin  towards  a  portion  of  the  cell  body  not  contacting 
the  capillary  (figure  24). 
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V.  DISCUSSION 
(a)  Technical  Considerations 

Histological  investigations  of  the  human  central  nervous  system  are 
difficult  because  of  technical  limitations,  uncontrollable  experimental  con¬ 
ditions,  and  limited  access  to  fresh  normal  human  nervous  tissue.  Following 
death,  post  mortem  changes  occur  very  rapidly  in  the  central  nervous  system 
and  depending  on  the  investigations,  fixation  methods  are  very  important. 

The  best  fixation  of  brains  is  obtained  by  perfusion  techniques  "in  situ"  at 
the  time  of  death,  this  was  not  possible  with  the  human  brains  obtained  from 
autopsies.  Vascular  perfusion  fixation  as  described  by  Haushalter  and  Bertram 
(1955)  provided  the  best  alternative  method  of  complete  rapid  fixation  in  the 
detached  post  mortem  brains  with  excellent  prsservation  of  the  gross  anatomical 
and  histological  features.  With  this  method,  the  fixative  is  pumped  throughout 
the  vascular  system  to  reach  all  the  cells.  The  pulsating  effect  helps  dislodge 
any  intravascular  clots  and  permits  the  fixative  to  reach  cells  in  isolated  areas 
of  the  brain . 

Fixation  for  electron  microscopy  is  very  critical  in  order  to  preserve 
ultrastructural  details.  Nervous  tissues  have  been  a  particular  problem  because 
no  present  method  is  entirely  satisfactory.  Aldehyde  fixation  has  proven  to  be 
satisfactory  for  ultrastructural  studies  of  brain  tissues  (De  Robertis  1965).  Hopwood 
(1967)  observed  the  rate  of  penetration  of  glutaraldehyde  into  tissue  and  suggested 
that  tissue  blocks  should  not  be  thicker  than  1  millimeter  to  ensure  adequate  fixation 
of  specimens  within  2  to  6  hours.  The  biopsy  specimens  obtained  for  this  investigation 
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were  cut  into  blocks  much  thinner  than  1  millimeter.  These  blocks  would  have 
been  adequately  penetrated  by  glutaraldehyde  after  3  hours.  The  time  interval 
from  the  biopsy  until  immersion  in  the  fixative  was  usually  15  to  30  seconds 
which  should  not  affect  the  specimens. 

Mitochondria  in  the  electronmicrographs,  figures  24  to  30,  all  showed 
some  swelling  and  loss  of  cristae  mitochondriales  and  this  was  especially  the  case 
in  neurons.  Changes  in  the  neuronal  mitochondria  may  reflect  poor  fixation  but 
it  is  also  likely  that  these  changes  are  secondary  to  the  general  effects  of  the 
intracranial  pathology  present  in  each  case.  Mitochondrial  changes  could  also 
be  caused  by  a  combination  of  anesthesia,  drugs,  and  disease.  The  general 
relationships  between  cells  should  not  be  altered  by  these  organelle  changes. 
Buffer  systems,  pH  and  concentrations  are  not  as  much  a  problem  with  aldehydes 
as  compared  to  metal-containing  fixatives  (Hopwood  1967)  and  as  a  result, 
fixation  was  considered  reasonably  adequate  for  a  demonstration  of  neuronal 
capillary  relationships. 

All  four  patients  may  have  had  varying  degrees  of  cerebral  edema  but 
there  was  no  gross  evidence  of  edema  at  the  time  of  surgery  in  any  case.  Patients 
15  and  16  (table  1)  had  local  edema  in  the  areas  involved  pathologically  but 
biopsies  were  not  taken  from  these  areas.  Morphologically,  cortical  cerebral 
edema  is  manifested  by  swelling  of  glial  cells,  particularly  the  perivascular 
processes  of  astrocytes  (Klatzo  1967).  Neurons  swell  very  little  in  states  of 
cerebral  edema  (De  Robertis  and  Gerschenfeld  1961).  If  cerebral  edema  was 
present  in  the  biopsies,  the  swollen  perivascular  glial  processes  would  be  more 
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prominent  and  displace  any  neurons  away  from  areas  near  capillaries  rather  than 
force  neurons  next  to  capillaries.  Neurons  contacting  capillaries  would  not  be 
affected  by  glial  edema  with  respect  to  the  neuronal  capillary  contact. 

Several  histological  methods  have  been  developed  to  demonstrate 
capillaries.  Injection  techniques  with  a  colored  gelatin  mass  (Craigie  1921), 
solutions  such  as  berlin-blue  (Cobb  and  Talbott  1927)  or  intravascular  precipitation 
of  lead  chromate  (Lockard  et  al  1954)  will  outline  capillaries.  There  are  proced¬ 
ures  which  will  stain  red  blood  cells  within  vessels  (Eros  1941,  Pickworth  1934). 
Drummond  (1944)  compared  the  injection  and  red  cell  staining  methods,  each 
process  yielded  substantially  the  same  results.  Both  methods  were  attempted  for 
this  investigation  but  they  were  unsatisfactory  because  blood  was  washed  out  of 
the  vessels  by  the  perfusion  fixation  processes  and  injected  materials  did  not  fill 
or  stain  the  capillaries  sufficiently  to  permit  accurate  measurements. 

Capillaries  may  be  selectively  stained  by  Golgi  silver  impregnation 
methods.  (Bertram  and  Ihrig  1957,  1959,  Klosovskii  1963).  The  complete  chemica 
mechanisms  of  the  Golgi  stain  are  unknown  except  that  reduction  of  chromates 
occurs  with  the  tissues  or  formic  acid  acting  as  a  reducing  agent  dependent  on  pH. 
Silver  initially  acts  as  a  catalyst  but  after  chromate  reduction,  silver  chromate 
stains  or  is  deposited  on  capillaries  and  neurons  (Bertram  and  Ihrig  1957,  1959). 

In  this  investigation,  when  zinc  chromate  solutions  were  adjusted  to  pH  3.1, 
reliable  staining  of  capillaries  occurred.  Klosovskii  (1963)  claims  the  Golgi 
technique  is  superior  to  other  methods  which  demonstrate  vessels  because  the 
vessels  are  stained  without  reliance  on  filling  by  either  blood  or  other  substances. 
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Measurements  of  capillaries  stained  by  the  modified  Golgi  technique 
were  comparable  to  the  results  from  similar  areas  in  the  rat  (Craigie  1920,  1921), 
in  the  cat  (Dunning  and  Wolff  1937,  Hough  and  Wolff  1939),  and  in  the  monkey 
(Finley  1940).  The  average  capillary  lengths  in  the  occipital  cortex  of  these 
animals  were  1,000  millimeters  per  cubic  millimeter.  In  each  instance  different 
animals  and  procedures  were  used  and  the  resulting  similarity  of  measurements 
indicates  the  Golgi  technique  stained  all  the  vessels  in  the  areas  examined. 

Cell  counts  have  been  criticized  because  of  variable  and  inconsistent 
results  (Lashley  and  Clark  1946).  Most  publications  quote  measurements  from 
areas  of  the  brain  other  than  the  calcarine  cortex.  These  population  counts 
range  between  80,000  to  120,000  neurons  per  cubic  millimeter  (Bailey  and  Bonin 
1951).  Different  results  have  been  attributed  to:  variations  secondary  to  aging 
of  the  animals  (Scholl  1959);  individual  variations  within  species  (Klotz  and 
Clark  1950);  poor  fixation  or  shrinkage  artifacts  (Agduhr  1941,  Abercrombie  1946), 
and  inconsistent  anatomical  localizations  (Scholl  1959).  The  calcarine  cortex  was 
chosen  for  investigation  because  it  is  one  of  the  best  defined  and  least  variable 
areas  of  the  cerebral  cortex.  Scholl  (1959)  considered  the  previous  criticisms 
and  his  counts  in  laminae  III  to  V  of  the  human  striate  cortex  varied  between  55,000 
and  60,000  neurons  per  cubic  millimeter.  Scholl's  (1959)  measurements  correspond 
closely  to  the  presently  reported  counts  of  60,500  neurons  per  cubic  millimeter. 

(b)  Theoretical  Considerations 

Histochemically,  glycolytic  and  certain  energy  transfer  systems  are  more 
prominent  in  neuroglia,  otherwise  neurons  generally  contain  far  larger  quantities 
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of  most  enzymes,  such  as  oxidases,  dehydrogenases  and  transaminases  (Lowery 
1957). 

Hamberger  (1963)  used  quantitative  microanalysis  and  found  that  in 
certain  cases  the  enzymatic  activity  of  glial  cells  were  greater  than  neurons, 
particularly  neuroglia  related  to  vessels.  For  example,  the  activity  of  cytochrome 
oxidase  in  groups  of  pericapil lary  glial  cells  was  greater  than  in  individual  neurons 
or  groups  of  perineuronal  glial  cells  despite  the  large  quantities  of  intraneuronal 
cytochrome  oxidase  that  is  observed  histochemically .  Hamberger  (1963)  proposed 
that  the  functional  differences  of  capillary  glia,  together  with  the  capillary 
endothelium  is  of  importance  in  the  transport  of  material  between  neurons  and 
the  blood . 

The  one  perplexing  aspect  of  Hamberger's  work  was  that  neurons  responded 
to  stimulation  or  hypoxia  with  a  very  prominent  increase  in  cytochrome  oxidase 
activity,  much  greater  than  the  neuroglial  response.  The  glial  cytochrome  oxidase 
activity  decreased  in  both  instances.  His  observations  suggest  that  the  controls 
for  the  neurons  were  inaccurate  or  abnormal  because  of  damage  by  the  micro¬ 
dissection.  The  glial  cells  may  have  reacted  to  the  damage  caused  by  micro¬ 
dissection.  Pathologically  reacting  astrocytes  exhibit  a  dramatic  rise  in  enzyme 
content  which  in  certain  cases  surpasses  neurons.  Otherwise  normal  glia,  particularly 
astrocytes,  show  the  lowest  enzyme  activity  of  all  cells  in  the  central  nervous  system 
(Friede  1962). 

Nerve  cells  are  so  sensitive  to  a  decreased  supply  of  oxygen  that  symptoms 
may  begin  before  the  oxygen  lack  can  be  detected  by  current  techniques.  A  detectable 
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diminution  of  oxygen  uptake,  no  matter  how  slight,  is  invariably  associated 
with  symptoms  (Lassen  1959  cited  by  Rosenblum  1965).  Neuroglia  have  not  been 
demonstrated  to  be  as  sensitive  to  hypoxia.  The  ratio  of  nerve  cell  to  glial  cell 
respiration,  in  the  cerebral  cortex,  has  been  calculated  to  be  about  11:1  (Korey 
and  Orcher  1959).  Metabolic  control  of  very  active  neurons  by  relatively  less 
active  neuroglia  does  not  seem  reasonable.  An  independent  source  of  metabolites 
from  the  blood  and  interaction  with  neuroglia  would  seem  to  be  a  more  reasonable 
situation  . 

There  are  three  possible  physical  arrangements  for  neurons  and  capillaries. 
Neurons  may  be  randomly  dispersed  within  the  cortex,  generally  correlated  to 
capillary  densities  but  not  specifically  associated  with  capillaries  except  by 
chance  contacts.  Neurons  may  be  selectively  separated  from  blood  vessels  by 
the  perivascular  neuroglial  sheath  or  most  neurons  are  oriented  in  a  pericapillary 
distribution  with  vascular  contacts.  As  pointed  out  in  the  introduction,  neurons 
within  the  neurovegetative  centers  of  the  brain  have  a  definite  vascular  relation¬ 
ship.  This  distribution  was  also  observed  in  cortical  areas  of  non-placental 
animals.  The  present  observations  indicate  there  is  a  specific  vascular  arrangement 
of  nerve  cells  in  the  occipital  cortex  of  man  and  partial  neuronal  capillary  contact 
is  not  a  chance  finding. 

Many  investigators  have  described  the  ultrastructural  features  of  the 
cellular  process  of  cortical  astrocytes  which  form  the  pericapillary  neuroglial 
sheath.  Characteristically  these  astrocytes  have  a  clear,  electron  lucid,  "watery" 
appearing  cytoplasm  almost  devoid  of  intracellular  organelles.  Passage  of  metabolites 
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between  the  blood  and  nerve  cells  would  require  an  active  transport  mechanism 
within  the  pericapil lary  glial  cells,  especially  if  glial  cells  formed  a  physical 
barrier  around  the  vessels.  The  morphological  appearance  of  astrocytes  is  not 
consistent  with  a  cell  engaged  in  active  transport.  Most  other  cells  of  the  body 
that  are  involved  in  active  transport  have  a  highly  developed  system  of  organelles, 
such  as  the  proximal  renal  tubular  cells. 

Active  pinocytosis  has  been  observed  in  cultured  neuroglia  (Kalatzo 
and  Miguel  1960)  but  pinocytosis  was  only  rarely  observed  in  tissue  culture  of 
neurons.  In  morphological  studies  of  intact  normal  brains  only  minimal  pinocytotic 
activity  has  been  observed  in  glial  cells  (Dempsey  and  Wislocki  1955)  but  investi¬ 
gations  of  this  nature  are  limited  because  substances  observable  with  the  electron 
microscope  do  not  pass  from  the  capillary  into  the  nervous  tissues.  Horseradish 
peroxidase  which  has  a  molecular  weight  of  40,000  (Florey  1966),  is  not  trans¬ 
ported  across  or  between  junctions  of  endothelial  cells  lining  cerebral  capillaries 
(Reese  and  Karnovosky  1967).  The  peroxidase  protein  is  the  smallest  available 
substance  which  can  be  used  for  "tracer"  studies  with  the  electron  microscope. 
When  the  peroxidase  protein  was  injected  intraventricularly ,  this  protein  was 
observed  within  the  cerebral  extracellular  spaces,  even  against  the  neural  side 
of  the  basement  membrane  of  capillaries.  There  was  no  evidence  of  glial  pino¬ 
cytosis  but  uptake  of  the  protein  was  observed  in  neurons  (Brightman  1967). 

Cellular  components  of  the  cerebral  cortex  are  very  closely  associated 
to  each  other  and  the  only  observable  spaces  are  the  intervals  between  adjoining 
cell  membranes.  This  interval  measures  100  to  250  angstroms  (De  Robertis  1965). 
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The  morphological  extracellular  space  has  been  calculated  to  be  less  than  5  percent 
of  the  central  nervous  system  (Horstman  and  Meves  1959,  cited  by  De  Robertis  1965). 
Experimentally  induced  states  of  cortical  cerebral  edema  causes  selective  swelling 
of  the  glial  cells  especially  the  perivascular  processes  of  astrocytes.  No  change 
occurs  in  the  size  of  neurons  or  extracellular  spaces  (De  Robertis  and  Gerschenfeld 
1961,  and  De  Robertis  1965).  De  Robertis  (1965)  suggests  that  neuroglia  consti¬ 
tute  a  pool  of  water  and  electrolytes  enterposed  between  the  blood  plasma,  neurons, 
and  other  glial  components.  He  also  postulates  that  the  perivascular  neuroglial 
sheath  is  the  morphological  site  of  the  blood-brain  barrier. 

The  only  direct  evidence  of  a  morphological  site  for  a  blood-brain  barrier 
is  the  observation  of  Reese  and  Karnovosky  (1967).  They  observed  obstruction  to 
the  passage  of  horseradish  peroxidase  across  or  between  endothelial  cells  of  the 
cerebral  capillaries  in  mice.  Bodenheimer  and  Brightman  (1967)  demonstrated  a 
similar  endothelial  barrier  to  peroxidase  in  the  cerebral  capillaries  of  urodele 
brains  which  have  large  pericapillary  spaces.  Brightman  (1967)  observed  that 
ferritin  and  horseradish  peroxidase  moved  freely  within  the  extracellular  spaces 
between  cellular  components  of  the  cerebral  cortex.  Ferritin  and  peroxidase  were 
found  between  neuroglial  processes  of  the  perivascular  sheath  and  next  to  the 
capillary  basement  membranes.  These  findings  demonstrate  that  the  pericapillary 
neuroglial  processes  are  not  united  in  a  continuous  layer  and  the  layer  does  not 
form  a  morphological  barrier  around  capillaries. 

The  concept  of  a  physical  barrier  has  been  disputed  by  biochemical 
investigators.  Dobbing  (1961)  suggests  that  the  barrier  phenomenon  is  a  specific 
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manifestation  of  substrate  utilization  in  cerebral  metabolism  and  is  not  limited 
to  the  neuroglia.  A  functional  inter-relationship  between  neurons  and  neuroglia 
has  been  well  demonstrated  by  Hyden  (1962)  but  neuronal  function  is  not  dependent 
on  neuroglia.  The  previously  mentioned  observations  indicate  that  the  perivascular 
neuroglial  sheath  is  not  the  specific  site  of  the  blood  brain  barrier  and  discontin¬ 
uities  in  the  glial  sheath  would  not  affect  our  present  understanding  of  the  barrier. 

The  observations  of  cortical  neurons  contacting  capillaries  does  not 
comply  with  the  concept  that  neuroglia  are  cellular  intermediates  between  the 
blood  and  nerve  cells.  The  writer  has  discussed  other  evidence  which  suggests  that 
the  neuroglial  perivascular  sheath  does  not  function  as  a  barrier  between  the  blood 
and  neurons.  The  results  of  this  investigation  demonstrated  that  portions  of  some 
neurons  have  a  direct  capillary  contact,  that  the  majority  of  neurons  have  a  peri- 
capillary  distribution  and  may  have  capillary  contacts. 

The  total  capillary  surface  area  free  of  a  neuroglial  sheath  was  estimated 
by  using  the  following  facts:  a  capillary  length  of  1,100  millimeters  per  cubic 
millimeter,  an  average  capillary  diameter  of  8  microns  and  a  neuroglial  sheath 
85  percent  complete.  If  there  are  60,000  neurons  in  the  same  region,  there  would 
be  enough  free  capillary  surface  area  for  every  neuron  to  contact  a  capillary  over 
70  square  microns  despite  the  neuroglial  sheath.  Expressed  in  another  manner,  if 
each  neuron  contacted  a  capillary  over  10  square  microns,  60,000  neurons  would 
cover  only  2.2.  percent  of  the  total  capillary  surface  area.  The  theoretical 
concept  that  all  neurons  contact  capillaries  has  not  been  proven  in  this  investi¬ 
gation  but  neurons  were  shown  to  have  a  peri capillary  relationship  and  portions 
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of  some  neurons  were  observed  to  contact  capillaries. 
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SUMMARY 

1  .  The  human  calcarine  cortex  receives  its  arterial  blood  supply  from  the 

posterior  cerebral  artery.  From  the  branches  of  the  posterior  cerebral 
artery,  numerous  nutrient  arterioles  penetrate  into  the  cortex  and  term¬ 
inate  to  form  a  dense  lace-like  interlocking  capillary  network. 

2.  The  capillary  network  was  subdivided  by  densities  into  three  layers;  a 
sparse  superficial  layer,  a  dense  middle  layer  and  a  less  dense  deep 
layer. 

3.  Capillary  lengths  measured  in  the  middle  layer  were  found  to  be  1,100 
millimeters  per  cubic  millimeter  of  cerebral  cortex. 

4.  Nerve  cell  populations  in  the  human  calcarine  cortex  could  be  sub¬ 
divided  by  population  densities  into  three  main  layers;  a  superficial, 
a  middle  and  a  deep  layer. 

5.  The  middle  neuronal  layer  was  the  most  densely  populated  and  nerve 
cell  counts  averaged  60,500  neurons  per  cubic  millimeter  in  this  layer. 

6.  The  layers  of  capillary  densities  corresponded  the  layers  of  neuronal 
densities . 

7.  In  the  middle  layer,  neurons  were  oriented  in  a  pericapillary  distribution 
and  neurons  were  closely  related  to  capillaries. 

With  several  histological  techniques,  a  portion  of  some  neurons  appeared 
to  contact  capillaries  in  the  human  frontal,  temporal,  parietal  and 
occipital  cortices . 
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9.  With  electron  microscopy,  the  neuroglial  perivascular  sheath  was 
observed  to  be  incomplete  and  portions  of  neurons  were  observed 
to  contact  capillaries  in  the  discontinuities  of  the  sheath. 

10.  The  concept  of  a  pericapil lary  relationship  of  neurons  with  capillary 
contact  requires  further  investigation  and  experimental  verification 
in  other  areas  of  the  brain. 
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TABLE  ONE 

Details  of  Brains  Used  for  Microscopic  Examination 


Brain 

Age  in 
Years 

Weight  of  Brain 
in  grams 

Sex 

Hours 

Post 

mortem 

Cause  of  death  or 
Pathological  Condition 

1 

61 

1445 

M 

12 

Ulcerative  Colitis 

Acute  Renal  Failure 

2 

71 

1070 

F 

18 

Carcinoma,  Rectum 

3 

59 

1410 

M 

10 

Myocardial  Infarct 

4 

17 

1550 

M 

15 

Gunshot  Wounds,  Thorax 

5 

87 

1250 

M 

16 

Congestive  Heart  Failure 
Pneumonia 

6 

43 

1520 

M 

16 

Carcinoma,  Colon 

Pneumonia 

7 

86 

1365 

M 

49 

Myocardial  Infarct 

Acute  Renal  Failure 

8 

71 

1790 

M 

16 

Congestive  Heart  Failure 

9 

49 

1300 

F 

17 

Interstitial  Pulmonary  Fibrosis 

10 

62 

1610 

M 

5 

Dissecting  Aneurysm 

11 

75 

1430 

F 

8 

Myocardial  Infarct 

12 

72 

1185 

M 

10 

Congestive  Heart  Failure 

13 

51 

Biopsy 

F 

Pituitary  Tumor 

14 

61 

Biopsy 

M 

Extradural  Hemorrage 

15 

39 

Biopsy 

M 

Exploratory  Craniotomy 
Suspected  Tumor 

16 

38 

Biopsy 

M 

Astrocytoma 
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gure  1  .  A  photograph  of  an  arterial  cast  of  a  portion  of  the  vertebral 
arteries  (V)  that  unite  to  form  the  basilar  artery  (B).  The 
left  posterior  cerebral  artery  (PC)  originates  from  the  basilar 
artery.  The  posterior  cerebral  artery  divides  into  several  large 
arterial  branches  (CA) .  The  arterial  branches  subdivide  to 
form  a  dense  arteriolar  network  (AN). 

The  cast  was  prepared  by  intra-arterial  injections  with  Batson's 
No.  17  compound  and  removal  of  the  brain  tissues  with 
potassium  hydroxide.  Magnification  XI  .5 
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Figure  2. 


Figure  3. 


A  photomicrograph  of  the  arterial  cast  which  illustrates  a 
small  conducting  artery  (CA)  and  penetrating  arterioles  (PA). 
The  cast  material  was  Batson's  No.  17  compound.  Magnifi¬ 
cation  X64 


A  photograph  of  the  arterial  cast  which  illustrates  a  small 
conducting  artery  (CA)  that  subdivides  into  smaller  conducting 
arterioles  from  which  the  penetrating  arterioles  (PA)  originate. 
The  cast  material  was  Batson's  No.  17  compound.  Magnifi¬ 


cation  X20 
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Figure  4.  A  photomicrograph  of  Golgi  stained  vessels  in  the  calcarine 
cortex.  The  cortical  capillaries  (C)  form  a  dense  continuous 
network  which  terminates  at  the  junction  with  the  subcortical 
white  matter  (W).  C-ipillaries  in  the  white  matter  are  very 
sparse.  An  arteriole  (P)  is  seen  to  penetrate  through  the 
cortex  into  the  white  matter. 

Modified  Golgi  stain.  Magnification  X52 


Figure  5.  A  photomicrograph  of  Golgi  stained  capillaries  in  the  calcarine 
cortex.  The  capillary  network  is  divided  by  densities  into  3 
layers.  A  sparse  superficial  layer  (S)  from  the  surface  of  the 
cortex  (SC)  about  0.5  millimeters  deep  and  it  merges  (1)  with 
the  dense  middle  layer  (M)  which  is  about  1  millimeter  deep. 
The  middle  layer  merges  (2)  with  the  less  dense  deep  layer  (D) 
about  0.4  millimeters  deep  and  terminates  (3)  with  the  sub¬ 
cortical  white  matter. 

Modified  Golgi  stain.  Magnification  X64 
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Figure  6.  A  photomicrograph  of  Golgi  stained  neurons  and  capillaries. 

Portions  of  3  neurons  (N)  are  very  closely  related  to  differ¬ 
ent  capillaries  (C)  in  the  same  region. 

Modified  Golgi  stain.  Magnification  X804 


Figure  7.  A  photomicrograph  of  a  Golgi  stained  neuron  (N)  which  is 
closely  related  to  a  capillary  (C)  that  loops  under  the 
perikaryon  and  lies  adjacent  to  a  large  process. 

Modified  Golgi  stain.  Magnification  X485 
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Figure  8 . 


Figure  9. 
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A  photomicrograph  of  a  Golgi  stained  neuron  (N)  with  its 
cell  body  and  some  processes  lying  along  an  underlying 
capillary  (C)  that  is  just  out  of  sharp  focus. 

Modified  Golgi  stain.  Magnification  X2000 


A  photomicrograph  of  a  Golgi  stained  capillary  (C)  and  neuron 
(N).  The  neuronal  perikaryon  lies  closely  adjacent  and  appears 
to  contact  the  capillary  wall . 

Modified  Golgi  stain.  Magnification  X1000 
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Figure  10.  A  photomicrograph  of  a  Golgi  stained  capillary  (C) 
bending  around  a  nerve  cell  body  (N)  and  displacing 
some  of  the  neuronal  processes. 

Modified  Golgi  stain.  Magnification  X1024 


Figure  11  .  A  photomicrograph  of  a  Golgi  stained  neuron  (N)  closely 
related  to  a  capillary  (C)  but  separated  from  the  capillary 
wall  .  The  neuronal  processes  (P)  appear  to  extend  around  and 
contact  the  capillary. 

Modified  Golgi  stain.  Magnification  X1024 
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Figure  12.  A  photomicrograph  of  a  Golgi  stained  neuron  (N)  and 
capillary  (C).  The  capillary  turns  towards  the  neuron 
and  appears  to  contact  a  portion  of  the  neuronal  peri¬ 
karyon  . 

Modified  Golgi  stain.  Magnification  X1024 


Figure  13.  A  photomicrograph  of  a  Golgi  stained  neuron  (N)  and 

capillary  (C).  The  neuronal  processes  (P)  extend  towards 
both  the  limbs  of  a  capillary  loop  and  the  processes  appear 
to  contact  the  capillary. 

Modified  Golgi  stain.  Magnification  X955 
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Figure  14.  A  photomicrograph  of  Golgi  stained  capillaries  (C)  and 
thionine  counterstained  neurons  (N).  A  large  number  of 
neurons  are  closely  related!  to  the  capillaries.  The  capil¬ 
laries  can  be  seen  to  form  a  lace-like  interlocking  pattern 
which  is  made  of  series  of  loops  and  circuits. 

Modified  Golgi  stain  and  alcoholic  thionine  counterstain. 
Magnification  X408 


Figure  15.  A  photomicrograph  of  Golgi  stained  capillaries  (C)  and 
thionine  counterstained  neurons  (N).  The  neurons  are 
closely  related  to  capillaries  and  a  pericapillary  orient¬ 
ation  of  neurons  is  illustrated. 

Modified  Golgi  stain  and  alcoholic  thionine  counterstain. 


Magnification  X408 
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Figure  16. 

A  photomicrograph  of  Golgi  stained  capillaries  (C)  and 

thionine  counterstained  neurons  (N).  The  neurons  are 

closely  related  to  the  capillaries  and  some  neurons  appear 

to  contact  the  adjacent  capillaries.  Two  neurons  are 

illustrated  almost  enclosed  within  a  capillary  loop. 

Modified  Golgi  stain  and  alcoholic  thionine  counterstain. 

Magnification  X804 

Figure  17. 

A  photomicrograph  of  Golgi  stained  capillaries  (C)  and 

thionine  counterstained  neurons  (N).  The  neurons  are  oriented 

in  a  pericapillary  distribution.  The  capillary  loops  and  circuits 

have  a  central  area  free  of  nerve  cell  bodies. 

Modified  Golgi  stain  and  alcoholic  thionine  counterstain. 

Magnification  X804 
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Figure  18.  A  phase  contrast  photomicrograph  of  a  neuronal  perikaryon 
(N)  appears  to  contact  a  portion  of  the  capillary  wall  (C) . 
Unstained.  Magnification  X1600 


Figure  19.  A  phase  contrast  photomicrograph  of  a  capillary  (C)  which 
appears  to  be  contacted  by  a  portion  of  a  neuron  (N). 
Unstained.  Magnification  X3100 


19 
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Figure  20.  A  photomicrograph  of  a  neuron  perikaryon  (N)  appearing  to 
contact  a  capillary  that  is  cut  in  cross-section  and  contains 
red  blood  cells  (R).  Taken  from  a  biopsy  in  the  human  frontal 
cortex.  Glutaraldehyde  and  osmium  tetroxide  fixation, 
embedded  in  Araldite,  stained  with  Azur  -11-  blue  and 
thionine.  Magnification  X2050 


Figure  21  .  A  photomicrograph  of  neuron  (N),  and  capillary  (C)  which 

contains  a  red  blood  cell  (R).  A  portion  of  the  neuron  appears 
to  contact  the  capillary  wall  and  no  tissue  is  seen  interposed 
between  the  neuron  and  capillary.  Figure  24  is  an  electron- 
photomicrograph  of  the  same  neuron. 

Taken  from  a  biopsy  in  the  human  temporal  cortex. 
Glutaraldehyde  and  osmium  tetroxide  fixation,  embedded 
in  Araldite,  stained  with  Azur  -11-  blue  and  thionine . 


Magnification  X2150 
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Figure  22.  A  photomicrograph  of  two  transected  portions  of  a  capillary 
(C  and  R),  one  portion  contains  red  blood  cells  (R).  Pro¬ 
cesses  (P)  of  a  neuron  (N)  extend  from  the  nerve  cell  body 
and  appear  to  contact  each  portion  of  the  capillary. 

Taken  from  a  biopsy  in  the  human  frontal  cortex.  Glutar- 
aldehyde  and  osmium  tetroxide  fixation,  embedded  in 
Araldite,  stained  with  Azur  -1 1-  blue  and  thionine . 
Magnification  X2500 


Figure  23.  A  photomicrograph  of  a  capillary  (C)  cut  longitudinally 

and  it  contains  a  red  blood  cell  (R).  A  portion  of  a  nerve 
cell  body  (N)  appears  to  contact  the  capillary  wall  . 

Taken  from  a  biopsy  in  the  human  parietal  cortex.  Glutar- 
aldehyde  and  osmium  tetroxide  fixation,  embedded  in  Araldite, 
stained  with  Azur  -11-  blue  and  thionine.  Magnification  X2050 
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Figure  24.  An  electron  photomicrograph  montage  of  a  neuron  that  extends 

beyond  the  upper  boundaries  of  this  figure.  The  neuron  is  closely 
applied  to  the  capillary  basement  membrane.  No  neuroglial 
processes  are  seen  between  the  neuron  and  capillary.  Many 
mitochondria  are  seen  within  the  neuron  related  to  the  region 
of  neuronal  capillary  contact. 


NU  - 

nucleolus 

N 

nucleus 

M 

nuclear  membranes 

Ml 

mitochondria 

NP  - 

neuropi  le 

B 

capillary  basement  membrane 

E 

capillary  endothelium 

G 

neuroglial  cell  processes 

P 

pericapillary  cell  nucleus 

RBC  - 

red  blood  cell 

Taken  from  a  biopsy  in  the  human  temporal  cortex. 
Glutaraldehyde,  osmium  tetroxide  fixation,  embedded  in 
Araldite,  lead  citrate  and  uranyl  acetate  stain.  Magni¬ 


fication  XI 2000 


2  4 


-50- 


gure  25.  An  electron-photomicrograph  of  the  same  neuron  in  figure  24. 

The  neuron  can  be  seen  closely  applied  to  the  capillary  base¬ 
ment  membrane.  Processes  of  a  pericapi I lary  cell  are  seen 
between  the  neuronal  cell  membrane  and  basement  membrane. 
The  pericapillary  cellular  processes  are  thin  and  do  not  form 
a  complete  layer.  A  small  extracellular  space  is  seen  between 
the  basement  membrane  and  neuron. 
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Taken  from  a  biopsy  in  the  human  temporal  cortex.  Glutar- 
aldehyde,  osmium  tetroxide  fixation,  embedded  in  Araldite, 
lead  citrate  and  uranyl  acetate  stain.  Magnification  X30000 
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gure  26.  An  electron-photomicrograph  of  the  same  neuron  in  figures 

24  and  25.  The  neuronal  cell  membrane  can  be  seen  directly 
against  the  capillary  basement  membrane  in  the  areas  where 
there  are  gaps  in  pericapi I lary  cell  processes. 

Ml  -  mitochondria 

P  -  pericapillary  cell  process 

E  -  endothelium  of  capillary 

V  -  endothelial  cell  vacuoles 

L  -  lumen  of  capil lary 

RBC  -  red  blood  cell 

RE  -  rough  endoplasmic  reticulum 
CR  -  cytoplasmic  ribosomes 

Taken  from  a  biopsy  in  the  human  temporal  cortex.  Glutar- 
aldehyde,  osmium  tetroxide  fixation,  embedded  in  Araldite, 
lead  citrate  and  uranyl  acetate  stain.  Magnification  X60000 
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Figure  27.  An  electron-photomicrograph  of  a  neuronal  process  extending 

3.5  microns  to  contact  the  adjacent  capillary  basement  membrane 
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Taken  from  a  biopsy  in  the  human  parietal  cortex.  Glutar- 
aldehyde,  osmium  tetroxide  fixation,  embedded  in  Araldite, 
lead  citrate  and  uranyl  acetate  stain.  Magnification  X15000 


27 


-53- 


Figure  28.  An  electron-photomicrograph  of  the  area  of  neuronal  capillary 
contact  in  figure  27.  The  neuronal  process  contacts  a  very 
small  portion  of  the  capillary  basement  membrane  and  glial 
cell  processes  are  partially  interposed  between  the  neuronal 
process  and  capillary. 

NP  -  neuronal  process 

B  -  basement  membrane 

E  -  endothelial  cell  of  the  capillary 

LU  -  lumen  of  the  capi  1 1  ary 

Taken  from  a  biopsy  in  the  human  parietal  cortex.  Glutar- 
aldehyde,  osmium  tetroxide  fixation,  embedded  in  Araldite, 
lead  citrate  and  uranyl  acetate  stain.  Magnification  X55000 
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Figure  29.  An  electron-photomicrograph  of  two  isolated  neuronal  processes 
against  a  capillary  basement  membrane.  The  neuronal  processes 
are  identified  by  their  synaptic  vesicles. 
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Taken  from  a  b 

iopsy  in  the  human  frontal  cortex.  Glutar- 

aldehyde,  osmium  tetroxide  fixation,  embedded  in  Araldite, 
lead  citrate  and  uranyl  acetate  stain.  Magnification  X45000 
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gure  30.  An  electron-photomicrograph  of  a  capillary  encased  by 

neuroglial  processes  that  completely  surrounds  the  capillary 


to  form  a  sheath  . 
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Taken  from  a  biopsy  in  the  human  temporal  cortex.  Glutar- 
aldehyde,  osmium  tetroxide  fixation,  embedded  in  Araldite, 
lead  citrate  and  uranyl  acetate  stain.  Magnification  X15000 


